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We experimentally observe Floquet Raman transitions in the weakly driven solid state spin system
of nitrogen-vacancy center in diamond. The periodically driven spin system simulates a two-band
Wannier-Stark ladder model, and allows us to observe coherent spin state transfer arising from
Raman transition mediated by Floquet synthetic levels. It also leads to the prediction of analog
photon-assisted Floquet Raman transition and dynamical localisation in a driven two-level quantum
system. The demonstrated rich Floquet dynamics offers new capabilities to achieve effective Floquet
coherent control of a quantum system with potential applications in various types of quantum
technologies based on driven quantum dynamics. In particular, the Floquet-Raman system may be
used as a quantum simulator for the physics of periodically driven systems.
PACS numbers: 76.30.Mi, 76.70.Hb,07.55.Ge
Coherent control of quantum system is an essential pre-
requisite in a wide range of quantum experiments [1, 2].
In particular, together with quantum initialization and
readout, it represents an important ingredient for the
realization of quantum technology, including quantum
computing [3], quantum simulation [4, 5] and quantum
sensing [6]. Time-dependent periodic driving, as im-
plemented for example by laser and microwave field, is
commonly used for coherent quantum control of atom
and spin systems [7–9]. For two-level quantum systems,
the well known Rabi oscillation induced by a weak pe-
riodic driving field on resonance leads to coherent oscil-
latory state transitions. Stimulated Raman transitions
between two ground states via a far detuned third ex-
cited state provide an extremely powerful tool for coher-
ent manipulation [10]. Moreover, periodic driving is an
useful tool that may lead to new exotic phases, such as
topological Floquet insulators [11–16] and time crystals
[17–20]. An important consequence of periodic driving
is the emergence of synthetic dimensions supported by
Floquet dressed state which opens the field of Floquet
Hamiltonian engineering [21] and new techniques for co-
herent quantum control [22].
Periodic driving is not only the basis of coherent quan-
tum control [7], it also plays an important role in sev-
eral fundamental concepts in quantum dynamics, e.g.
geometric phase [23] and adiabatic quantum algorithm,
where the validity of adiabatic evolution [24–29] is usually
required. The traditional adiabatic condition requires the
change of Hamiltonian to be sufficiently slow on the time
scale that is proportional to the inverse squared energy
gap. Such an adiabatic condition was however found to
be neither sufficient nor necessary to guarantee adiabatic-
ity [30–33]. An observation of non-adiabaticity violat-
ing the traditional adiabatic condition was shown in [34]
which can be explained by Rabi resonance. The general
anomalous non-adiabaticities appearing in a weakly pe-
riodically driven two-level system has fundamental con-
nection with Floquet resonance [35]. The experimental
demonstration of general anomalous non-adiabaticities in
periodically driven systems remains challenging due to
the requirement of sufficiently long coherence time and
precise quantum control.
In this work, we experimentally study Floquet dynam-
ics of a single nitrogen-vacancy (NV) center spin in di-
amond driven by a weak microwave field. As compared
with strong driving [22], the driving strength is much
weaker than the frequency detuning and conventionally
it would not induce spin state transition. With such a
weakly driven two-level system, we simulate a two band
Wannier-Stark ladder model [36, 37], and instead ob-
serve coherent oscillation between spin states. The phe-
nomenon represents Raman transition between Floquet
synthetic levels [35] albeit the system itself is a two-level
quantum system. We also show that analog photon-
assisted Raman transition can be realised among Floquet
levels, which provides a new knob for the engineering of
quantum control. We expect that the present idea can
be extended to simulate and investigate non-trivial ef-
fects of a Wannier-Stark ladder model, e.g. with complex
hopping amplitudes, by exploiting Floquet synthetic lev-
els. In addition, the observed Floquet Raman transitions
manifest general anomalous non-adiabaticities in period-
ically driven system, and may help to gain further insight
into adiabatic quantum dynamics.
The two-level quantum system in our experiment is a
spin- 12 system from the subspace of the triplet ground
state manifold of a single NV center in electronic grade
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Figure 1. (Color online) Setup for observation of Floquet Ra-
man transition of NV center spin in diamond. (a) Schematic
representation of the experimental setup. The temperature
of the diamond sample is stabilized by a TEC element. The
NV center spin is coupled to the microwave driving field via
a copper wire waveguide. The readout of the NV center spin
state is achieved by spin-dependent fluorescence. Confocal
scan image of an NV center is shown in the inset. (b) Pulse
sequence for Floquet Raman transition. MW corresponds
to the microwave field, and the optical measurement is per-
formed by a photodetector (APD). The initial spin state is
prepared with a microwave pulse Yθ (rotation around yˆ axis
by angle θ), the duration of which is τ = θ/2Ω where Ω is
the amplitude of the microwave pulse. The synthesized mi-
crowave driving field V (t) = ∆x cos(ωdt)+2A cos(ωdt) sin (ωt)
implements Floquet quantum control. (c) shows Ramsey
measurement, the oscillation of which allows us to determine
the frequency detuning ∆z. (d) shows Rabi oscillations with
two driving frequencies (ωd/2pi) = 1445.8 MHz (blue, ◦) and
1443.8 MHz (red, +). Measurement of the effective Rabi fre-
quency ω0 =
(
∆2z + ∆
2
x
)1/2
gives an estimation of the driving
amplitude ∆x = (2pi)4.06MHz.
bulk diamond (with less than 5 ppb nitrogen impurities).
The scan image of NV center as shown in Fig.1(a) is ob-
tained from a home-built confocal setup. The NV center
spin has the advantage of long coherence time (i.e. nar-
row line broadening) under ambient condition, which is
mainly dependent on the nuclear spin bath in diamond
and temperature fluctuation for the present sample. The
NV center has a triplet ground state with three spin
sublevels ms = 0,±1. The degeneracy of ms = ±1 is
lifted by applying an external magnetic field Bz along
the NV axis, which provides an effective two-level sys-
tem supported by the ground state sublevels ms = 0 and
ms = −1 with an energy gap ∆E = D − γBz, where
the zero field splitting is D = (2pi)2.87GHz and γ is
the electron gyromagnetic ratio. We apply a magnetic
field Bz = 509 G along the NV axis so that the nitro-
gen nuclear spin is polarized. The value of ∆E is deter-
mined by pulsed optically detected magnetic resonance
measurement (pulsed ODMR), which also confirms the
polarization of the nitrogen nuclear spin [38]. The sta-
bility of the energy splitting is very critical to observe
Floquet Raman transition [35]. In our experiment setup,
we mount the diamond sample on a single-stage TEC el-
ement under temperature control. The temperature of
the diamond sample is stabilized by a 12W temperature
controller (Thorlabs TED200C) so that the temperature
fluctuation is reduced down to 0.1K that corresponds to
a line broadening of ∼ 7.7 kHz [39]. The Ramsey mea-
surement suggests a line broadening of ∼ 40kHz for the
NVs used in our experiment, which corresponds to a co-
herence time of T ∗2 ' 4µs, see Fig.1(c) where the ms=0
state probability P|0〉 is calibrated from the florescence
data as normalized by resonant Rabi oscillation.
To implement Floquet quantum control and ob-
serve Floquet Raman transition, we synthesize a mi-
crowave field described by V (t) = ∆x cos(ωdt) +
2A cos(ωdt) sin (ωt) with ∆x, A ωd with accurate tim-
ing and amplitude by using a Tektronics arbitrary wave-
form generator. In the interaction picture, we find the
effective Hamiltonian for the two-level system [38]
H =
∆z
2
σz +
∆x
2
σx +A sin (ωt)σx, (1)
where we set ~ = 1, ∆z = ∆E − ωd, σx, σz are Pauli op-
erators for the spin- 12 system, ∆x and ∆z represent the
transversal and longitudinal components of the energy
splitting. In our experiment, we exploit Floquet syn-
thetic levels supported by the periodically driven Hamil-
tonian in Eq.(1) to achieve coherent control of spin state.
To precisely determine the relevant parameters [38], we
perform Ramsey measurement and determine the fre-
quency detuning ∆z, see Fig.1(c). Subsequently, we mea-
sure Rabi oscillation and estimate the effective Rabi fre-
quency ω0 =
(
∆2x + ∆
2
z
)1/2
, see Fig.1(d), from which
we are able to determine ∆x. We note that ω0 quan-
tifies the energy gap between the eigenstates of Hs =
(∆z/2)σz + (∆x/2)σx. We are interested in the weak
driving with a large detuning so that no evident conven-
tional Rabi oscillation is expected. We remark that the
Floquet Hamiltonian Eq.(1) is also feasible by applying a
magnetic field that has both longitudinal and transversal
components (namely ∆z and ∆x).
According to Floquet theory, the evolution dynamics
of the periodically driven two-level system can be de-
scribed by Floquet quasi energy states (namely Floquet
modes) |φσ(t)〉 with the corresponding quasienergy σ as
|Ψ(t)〉 = e−iσt |φσ(t)〉. The Floquet states and spectrum
were observed in a strongly driven superconducting flux
qubit [22]. The Floquet dynamics of a weakly driven
two-level system can be mapped to a two-band Wannier-
Stark ladder model [35–37]. The upper and lower bands
arising from Floquet synthetic dimensions [20] corre-
spond to the spin states |±〉 that are the eigenstates
33
Figure 2. (Color online) Simulation of a two band Wannier-Stark ladder model and Floquet Raman transition of single NV
center spin in diamond. (a) A two band Wannier-Stark ladder model simulated by a periodically driven spin- 1
2
system. The
energy gap between the upper and lower band is !0 = ( 
2
x+ 
2
z)
1/2, and the ladder energy spacing is given by the driving field
frequency !. (b) Floquet Raman transition between the upper and lower band levels | , j   1i and |+, j + 1i that corresponds
to two spin eigenstates |±i. The Raman transition is mediated by two intermediate levels |+, ji and | , ji. (c) Ramsey
measurement suggests the line broadening of the NV center spin is 40 kHz. (d) Floquet Raman oscillation driven by the weak
microwave field with a strength A = (2⇡)1 MHz for the frequency ! = !0. (e) Rabi frequency of Floquet Raman oscillation as
a function of the driving strength A. (e) The contrast of Floquet Raman oscillation as a function of the driving frequency.
driven two-level system can be mapped to a two-band
Wannier-Stark ladder model. The upper and lower bands
correspond to the spin states |±i that are the eigen-
states of H0 = ( z/2) z +( x/2) x [15], namely |+i =
cos( ✓2 |0i+sin( ✓2 ) | 1i and | i =   sin( ✓2 |0i+cos( ✓2 ) | 1i.
The energies of the upper and lower Floquet levels de-
noted as |±, ji are E±,j = ±!0  j!, where ± represents
the upper and lower band respectively, see Fig.2(a). As
|±i are not the eignenstates of  x, the e↵ect of the weak
driving A in the Hamiltonian Eq.(1) will couple the lev-
els |+, ji and | , ji with |↵, j ± 1i, where ↵ = ±, see
Fig.2(a). The coupling strength is ±( 1)↵ (A x/i2!0)
and ⌥(A z/i2!0) respectively, see Ref.[15] and supple-
mentary information. Therefore, it can seen that the
tunneling between the upper and lower band as medi-
tated by Floquet synthetic dimension can be exploited
to manipulate spin state in a coherent manner.
In our experiment, we exploit the three-level configura-
tions provided by Floquet synthetic dimension, allowing
the implementation of Raman transitions between the
upper and lower levels. For example, |+, j + 1i, |+, ji
and | , j   1i forms a ⇤ three level system, see Fig.2(b).
In order to enable e cient Raman transition between
|+, j + 1i and | , j   1i via the intermediate state |+, ji,
the energy resonant condition has to be satisfied, namely
E+,j+1 = E ,j 1 [18, 19]. This leads to the Floquet
resonance condition ! = ⌦, which is contrast to the con-
ventional Rabi resonance condition ! = 2⌦ for a driven
two-level system [18]. We remark that the exact reso-
nance conditions are slightly modified due to the high-
order energy shift, see supplementary. We first prepare
the NV center spin in the state | i, namely in the lower
band, by applying a microwave pulse on resonance with
the two-level system with the amplitude ⌦✓ for a time
duration ⌧✓ = ✓/⌦✓. The system is then governed by the
Floquet Hamiltonian as in Eq.(1) as generated by the
synthesized microwave driving field V (t). We measure
the state population of the spin level |0i as a function
of the evolution time. Under the resonant condition, the
state population P|0i can be written as follows
P|0i =
1
2
[1 + cos ✓ cos (⌦t)  sin ✓ sin (⌦t) sin!0t] (2)
In Fig.2(c), we observe the coherent oscillation of the
state population, which demonstrates Floquet Raman
transition between the upper and lower band levels. The
contrast is a↵ected by the line broadening of the system.
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FIG. 1. (Color online) Experimental setup for the observation of
Floquet Raman transition of single NV center spin in diamond. (a)
Schematic representation of the experimental setup. The two-level
system is formed by two-dimensional subspace of the triplet ground
state of a single NV center spin in bulk diamond, the temperature of
which is stabilized by a TEC element. The NV center spin is cou-
pled to microwave driving field via a copper wire waveguide. The
NV center spin state is readout is achieved by spin-dependent fluo-
rescence. (b) Confocal scan image of a single NV center in diamond.
(c) Pulsed optically detected magnetic resonance measurement of
single NV center spin with the applied magnetic field Bz = 510 G.
(d) Experimental Floquet Raman transition pulse sequence. Here the
initial spin state is prepared with a microwave pulse, the duration of
which is    =   with the pulse amplitude  . MW corresponds to
microwave drive field, and the optical measurement is performed by
the photodetector (APD).
netic field drift. The NV center has triplet ground state with
three spin sublevels ms = 0,±1. The degeneracy of ms = ±1
is lifted by applying an external magnetic field Bz along the
NV axis, which provides an e ective two-level system sup-
ported by the ground stats sublevels ms = 0 and ms =  1 with
an energy gap  E = D    Bz, where the zero field splitting
is D = (2 )2.87GHz and   is the electron gyromagnetic ratio.
The value of  E is precisely determined by pulsed optically
detected magnetic resonance measurement (pulsed ODMR),
see Fig.1(b). A Ramsey measurement, as shown in Fig 1(b),
demonstrates a linewidth of (2 )30kHz, which corresponds
to a coherence time of T  2 = 6µs. In our experiment setup,
we mount the diamond sample on a single-stage TEC ele-
ment. The temperature of diamond sample is stabilized by
a 12W temperature controller (Thorlabs TED200C) with the
resulting temperature fluctuation ±0.1K that corresponds to
a linewidth of   10kHz (namely T  2 = 15µs). The residual
line broadening mainly arises from the 13C nuclear spin bath
in the diamond sample. Instead of using a microwave mixer,
we directly synthesize the driving field by using a Tektron-
ics arbitrary waveform generator and is amplified before it is
delivered to the NV center via a copper wire, see Fig.1(a).
To observe Floquet Raman transition, we generate the driving
field written as V(t) =  x cos( dt) + A cos( dt) sin ( t) with
 x, A    d. Therefore, in the interaction picture, we get the
e ective Hamiltonian for the two-level system as follows
H =
 z
2
 z +
 x
2
 x + A sin ( t) x, (1)
where  z =  E    d,  x, z are Pauli operators for the spin-
1
2 system.  x and  z may represent the transversal and lon-
gitudinal component of the energy splitting of the two-level
system. The energy gap between the eigenstates of the above
Hamiltonian is  0 = ( 2x + 
2
z )
1/2. We focus on the weak driv-
ing limit, namely A   | 0   |, which would generally not be
able to induce spin state transition due to the large detuning.
According to Floquet theory, the evolution dynamics of
the periodically driven two-level system can be described
by Floquet quasi energy states (namely Floquet modes)     j(t)  with the corresponding quasi energy E j as | (t)  = 
j c je iE jt
     j(t) . The Floquet states and spectrum were ob-
served in a strongly driven superconducting flux qubit [12].
The Floquet dynamics of the driven system can be mapped
to the picture of a two-band Wannier-Stark ladder. The up-
per and lower bands correspond to the spin states |±  that are
the eigenstates of H0 = ( z/2) z + ( x/2) x. The upper
and lower levels can be denoted as |±, j , the energy of which
are E±, j = ± 0   j , where ± represents the upper and lower
band respectively, see Fig.2(a). As |±  are not the eignenstates
of  x, the e ect of the weak driving A in the Hamiltonian
Eq.(1) will couple the levels |+, n  and | 1, n  with | , n ± 1 ,
where   = ±. The coupling strength is ±( 1)  (A x/i2 0)
and  (A z/i2 0) respectively, see Ref.[15] and supplemen-
tary information. Therefore, it can seen that the transition two
bands will induces spin state oscillation.
In our experiment, we exploit the three-level configurations
allowing the implementation of Raman transitions between
the upper and lower levels. For example, |+, n , | , n   1  and
|+, n + 1  forms a   three level system, see Fig.2(b). In order
to enable e cient Raman transition between the two levels
| , n   1  and |+, n + 1  via |+, n , the energy resonant condi-
tion has to be satisfied, namely E ,n 1 = E+,n+1. This leads
2
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rescence. (b) Confocal scan image of a single NV center in diamond.
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microw ve drive field, and the optical measurement is performed by
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an energy gap  E = D    Bz, where t e zero field splitting
is D = (2 )2.87GHz and   is the electron gyromagnetic ratio.
Th value of  E is precisely determined by pulsed optically
d tected magnetic resonance measurement (pulsed ODMR),
see Fig.1(b). A Ramsey measurement, as shown in Fig 1(b),
demonstrates a linewidth of (2 )30kHz, which corresponds
to a coherence time of T  2 = 6µs. In our experiment setup,
we mount th diamond sample on a single-stage TEC ele-
ent. The t mper ture of diamond sample is stabilized by
a 12W temperature controller (Thorlabs TED200C) with the
resulting temperature fluctuation ±0.1K that corresponds to
a linewidth of   10kHz (namely T  2 = 15µs). The residual
line broadeni g mainly arises from the 13C nuclear spin bath
in the diamond sample. Inst ad of using a microwave mixer,
we dir ctly synthesize the driving field by using a Tektron-
ics arbitrary wav form g nerator and is amplified before it is
delivered to th NV center via a copper wire, see Fig.1(a).
To observe Floquet Raman transition, we generate the driving
field written as V(t) =  x cos( dt) + A cos( dt) sin ( t) with
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where  z =  E    d,  x, z are Pauli operators for the spin-
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tion has to be satisfied, namely E ,n 1 = E+,n+1. This leads
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Figure 1. (Color online) Experimental setup for the observa-
tion of Floquet Raman transition of single NV center spin in
diamond. (a) Schematic representation of the sample holder.
The two-level system is formed by the two-dimensional sub-
space of the triplet ground state of a single NV center spin
in bulk diamond, the temperature of which is stabilized by a
TEC element. The NV center spin is coupled to microwave
driving fields via a copper wire waveguide. The readout of the
NV center spin state is achieved by spin-dependent fluores-
cence. Confocal scan image of a single NV center is shown in
the inset. (b) Experimental Floquet Raman transition pulse
sequence. MW corresponds to microwave drive field, and
the optical measurement is performed by the photodetector
(APD). The initial spin state is prepared with a microwave
pulse (purple), the duration of which is ⌦⌧ = ✓ where ⌦ is
the amplitude of the microwave pulse. The synthesized mi-
crowave driving field implements Floquet quantum control.
ms = 0,±1. The degeneracy of ms = ±1 is lifted by ap-
plying an external magnetic field Bz along the NV axis,
which provides an e↵ective two-level system supported
by the ground stats sublevels ms = 0 and ms =  1
with an energy gap  E = D   Bz, where the zero field
splitting is D = (2⇡)2.87GHz and   is the electron gy-
romagnetic ratio. We apply a magnetic field Bz = 510
G along the NV axis so that the nitrogen nuclear spin is
polarized. The value of  E is determined by pulsed opti-
cally detected magnetic resonance measurement (pulsed
ODMR), which also confirms the polarization of the ni-
trogen nuclear spin, see supplementary information. The
stability of the energy splitting is very critical to observe
Floquet Raman transition [18]. In our experiment setup,
we mount the diamond sample on a single-stage TEC
element under temperature control. The temperature
of the diamond sample is stabilized by a 12W tempera-
ture controller (Thorlabs TED200C) so that the temper-
ature fluctuation is reduced to ±0.1 K that corresponds
to a line broadening of ⇠ 15 kHz. After stabilizing the
temperature, the line broadening is then mainly limited
by the 13C nuclear spin bath in the diamond sample.
The Ramsey measurement suggests a line broadening of
20 ⇠ 40kHz for the NVs used in our experiment, which
corresponds to a coherence time of T ⇤2 = 4 ⇠ 8µs, see
supplementary information.
To implement Floquet quantum control and observe
Floquet Raman transition, we generate the driving field
written as V (t) =  x cos(!dt) + A cos(!dt) sin (!t) with
 x, A⌧ !d. Instead of using a microwave mixer, we di-
rectly synthesize the microwave driving field with a high
accuracy by using a Tektronics arbitrary waveform gen-
erator and is amplified before it is delive ed t the NV
center via copper wire, see Fig.1(a). Therefore, i the
interaction picture, we get the e↵ective Hamiltonian for
the two-level system as follows
H =
 z
2
 z +
 x
2
 x +A sin (!t) x, (1)
where  z =  E   !d,  x, z are Pauli operators for the
spin- 12 system.  x and  z may represent the transver-
sal and longitudinal component of the energy splitting of
the two-level system. The energy gap between the eigen-
states of the above Hamiltonian is !0 = ( 
2
x +  
2
z)
1/2.
We focus on the weak driving limit, namely A⌧ |!0 !|,
which would generally not be able to induce spin state
transition due to the large energy mismatch. In our ex-
periment, we implement the periodically driven Hamil-
tonian in Eq.(1) and exploit Floquet dressed states to
Figure 2. (Color online) Measurement of e↵ective Rabi fre-
quency ⌦ of single NV center spin with the applied magnetic
field Bz = 510 G with di↵erent driving frequency !/(2⇡)
which corresponds to the frequency detuning  z =  E !d .
The data is fitted by the function ⌦ =
 
 2z + 
2
x
 1/2
which al-
lows us to precisely determine the parameters !0 = 1446MHz
and ✏ = 8MHz. The inset shows Rabi oscillations with two
driving frequencies !/(2⇡) = 1446 MHz(blue,  ) and 1450
MHz (red, +).
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rescence. (b) Confocal scan image of a single NV center in diamond.
(c) Pulsed optically detected magnetic resonance measurement of
single NV center spin with the applied magnetic field Bz = 510 G.
(d) Experimental Floquet Raman transition pulse sequence. Here the
initial spin state is prepared with a microwave pulse, the duration of
which is    =   with the pulse amplitude  . MW corresponds to
microwave drive field, and the optical measurement is performed by
the photodetector (APD).
netic field drift. The NV center has triplet ground state with
three spin sublevels ms = 0,±1. The degeneracy of ms = ±1
is lifted by applying an external magnetic field Bz along the
NV axis, which provides an e ective two-level system sup-
ported by the ground stats sublevels ms = 0 and ms =  1 with
an energy gap  E = D    Bz, where the zero field splitting
is D = (2 )2.87GHz and   is the electron gyromagnetic ratio.
The value of  E is precisely determined by pulsed optically
detected magnetic resonance measurement (pulsed ODMR),
see Fig.1(b). A Ramsey measurement, as shown in Fig 1(b),
demonstrates a linewidth of (2 )30kHz, which corresponds
to a coherence time of T  2 = 6µs. In our experiment setup,
we mount the diamond sample on a single-stage TEC ele-
ment. The temperature of diamond sample is stabilized by
a 12W temperature controller (Thorlabs TED200C) with the
resulting temperature fluctuation ±0.1K that corresponds to
a linewidth of   10kHz (namely T  2 = 15µs). The residual
line broadening mainly arises from the 13C nuclear spin bath
in the diamond ample. Instead of using a microwave mix r,
we directly synthesize the driving field by using a Tektron-
ics arbitrary waveform generator and is amplified before it is
delivered to the NV center via a copper wire, see Fig.1(a).
To observe Floquet Raman transition, we generate the driving
field written as V(t) =  x cos( dt) + A cos( dt) sin ( t) with
 x, A    d. Therefore, in the interaction picture, we get the
e ective Hamiltonian for the two-level system as follows
H =
 z
2
 z +
 x
2
 x + A sin ( t) x, (1)
where  z =  E    d,  x, z are Pauli operators for the spin-
1
2 system.  x and  z may represent the transversal and lon-
gitudinal component of the energy splitting of the two-level
system. The energy gap between the eigenstates of the above
Hamilton an is  0 = ( 2x + 
2
z )
1/2. We focus on the we k driv-
ing limit, namely A   | 0   |, which would generally not be
able to induce spin state transition due to the large detuning.
According to Floquet theory, the evolution dynamics of
the periodically driven two-level system can be described
by Floquet quasi nergy tat s (namely Floquet odes)     j(t)  with the corresponding quasi energy E j as | (t)  = 
j c je iE jt
     j(t) . The Fl quet states and pect um were ob-
served in a strongly driven superconducting flux qubit [12].
The Floquet dynamics of the driven system can be mapped
to the picture of a two-band Wannier-Stark ladder. The up-
p r and lower bands correspond to the spin states |±  that are
the eigenstates of H0 = ( z/2) z + ( x/2) x. The upper
and lower levels can be denoted as |±, j , the energy of which
are E±, j = ± 0   j , where ± represents the upper and lower
band respectively, see Fig.2(a). As |±  are not the eignenstates
of  x, the e ect of the weak driving A in the Hamiltonian
Eq.(1) will couple the l vels |+, n  and | 1, n  with | , n ± 1 ,
where   = ±. The coupling strength is ±( 1)  (A x/i2 0)
and  (A z/i2 0) respectively, see Ref.[15] and supplemen-
tary information. Therefore, it can seen that the transition two
bands will induces spin state oscillation.
In our experiment, we exploit the three-level configurations
allowing the implementation of Raman transitions between
the upper and lower levels. For example, |+, n , | , n   1  and
|+, n + 1  forms a   three level system, see Fig.2(b). In order
to enable e cient Raman transition between the two levels
| , n   1  and |+, n + 1  via |+, n , the energy resonant condi-
tion has to be satisfied, namely E ,n 1 = E+,n+1. This leads
2
FIG. 1. (Color online) Experimental setup for the observation of
Floquet Raman transition of single NV center spin in diamond. (a)
Schematic representation of the experimental setup. The two-level
system is formed by two-dimensional subspace of the triplet ground
state of a single NV center spin in bulk diamond, th temperature of
which is stabilized by a TEC element. The NV center spin is cou-
pled to microwave driving field via a copper wire waveguide. The
NV center spin state is readout is achiev d y spin- ep nde t fluo-
rescence. (b) Confocal scan image of a single NV cen er in diamond.
(c) Pulsed optically detected magne ic resonan e measurement of
single NV center spin with the applied magnetic field Bz = 510 G.
(d) Experimental Floquet Raman transition pulse equence. re the
initial spin state is prepared with a microwave pulse, the duration of
which is    =   with the pulse amplitude  . MW corresponds to
microwave drive field, and the optical measurement is performed by
the photodetector (APD).
netic field drift. The NV center has triplet ground state with
three spin sublevels ms = 0,±1. The degeneracy of ms = ±1
is lifted by applying an external magnetic field Bz along the
NV axis, which provides an e ective two-level system sup-
ported by the ground stats sublevels ms = 0 and ms =  1 with
an energy gap  E = D    Bz, where the zero field splitting
is D = (2 )2.87GHz and   is the electron gyromagnetic ratio.
Th value of  E is precisely determined by pulsed optically
detected magnetic resonance measurement (pulsed ODMR),
see Fig.1(b). A Ramsey measurement, as shown in Fig 1(b),
demonstrates a linewidth of (2 )30kHz, which corresponds
t a coherence time of T  2 = 6µs. In our experiment setup,
we mount the diamond sample on a single-stage TEC ele-
ment. The temperature of diamond sample is stabilized by
a 12W temp rature controller (Thorlabs TED200C) with the
resulting temperature fluctuation ±0.1K that corresponds to
a linewidth of   10kHz (namely T  2 = 15µs). The residual
line broadening mainly arises from the 13C nuclear spin bath
in the diamond sample. Instead of using a microwave mixer,
we directly synthesize the driving field by using a Tektron-
ics arbitrary waveform generator and is amplified before it is
delivered to the NV center via a copper wire, see Fig.1(a).
To observe Floquet Raman transition, we generate the driving
field written as V(t) =  x cos( dt) + A cos( dt) sin ( t) with
 x, A    d. Therefore, in the interaction picture, we get the
e ective Hamiltonian for the two-level system as follows
H =
 z
2
 z +
 x
2
 x + A sin ( t) x, (1)
where  z =  E    d,  x, z are Pauli operators for the spin-
1
2 system.  x and  z may represent the transversal and lon-
gitudinal component of the energy splitting of the two-level
system. The en rgy gap betw en the eigenstates of the above
Hamiltonian is  0 = ( 2x + 
2
z )
1/2. We focus on the weak driv-
ing limit, namely A   | 0   |, which would generally not be
able to indu e spin state tr nsition due to the large detuning.
According to Floquet theory, the evolution dynamics of
th p riodically driven two- evel system can be described
by Floquet quasi energy states (namely Floquet modes)     j(t)  with the corresponding quasi energy E j as | (t)  = 
j c je iE jt
     j(t) . The Floquet states and spectrum were ob-
served in a strongly riven superconducting flux qubit [12].
The Floquet dy amics of e driven system can be mapped
to the picture of a two-band Wannier-Stark ladder. The up-
per and lower bands correspond to the spin states |±  that are
the eigenstates of H0 = ( z/2) z + ( x/2) x. The upper
and lower levels can be denoted as |±, j , the energy of which
are E±, j = ± 0   j , where ± represents the upper and lower
band respectively, see Fig.2(a). As |±  are not the eignenstates
of  x, th e ect of the weak driving A in the Hamiltonian
Eq.(1) will couple the levels |+, n  and | 1, n  with | , n ± 1 ,
where   = ±. The coupling strength is ±( 1)  (A x/i2 0)
and  (A z/i2 0) respectively, see Ref.[15] and supplemen-
tary information. Therefore, it can seen that the transition two
bands will induces spin state oscillation.
In our experiment, we exploit the three-level configurations
allowing the implementation of Raman transitions between
the upper and lower levels. For example, |+, n , | , n   1  and
|+, n + 1  forms a   three level system, see Fig.2(b). In order
to enable e cient Raman transition between the two levels
| , n   1  and |+, n + 1  via |+, n , the energy resonant condi-
tion has to be satisfied, namely E ,n 1 = E+,n+1. This leads
APD
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Figure 1. (Color online) Setup for observation of Floque Ra an transitio of single NV cen er spin i diamon .
(a) Schematic representation of the experime tal setup. The two-level ystem is formed by the two-dimensional subspace of
the triplet ground state of a single NV cen spin in bulk diamond, t temp rature of which is stabilized by a TEC lement.
The NV center spin is coupled o micro ave dr ving field via a copper wire wavegui e. The re dout f the NV center spin
state is achieved by spin-dependent fluorescence. Confocal sc n image of a single NV c nter is sho n i the i set. (b) Pulse
sequence for Floque R man coherent con rol. MW correspo ds to th microwave drivi g field, and th optical measurement
is performed by a photodetector (APD). The initial spin state is prepared with a microwave pulse ✓y (rotation around yˆ axis),
the duration of hich is ⌦⌧ = ✓ where ⌦ is the amplitud of t e micro av p lse. The synthesized microwave driving field
V (t) =  x cos(!dt) + A cos(!dt) sin (!t) impl m nts Floquet qua tu co trol. (c) Measurem nt of ↵e tive Rabi freque cy
of single NV center spin ⌦ =
 
 2z + 
2
x
 1/2
with an applied magnetic field Bz = 510 G along th NV xis. The frequency
d tuning  z =  E  !d de rmines he contrast n frequency of Rabi oscillati n. The inset shows Rabi oscillations with two
driving frequencies !/(2⇡) = 1446 MHz(blue,  ) and 1450 MHz (red, +). The data allows us to pr cisely charac erize the NV
spin parameters  E = 1446MHz and ✏ = 8MHz.
ms = 0,±1. The degeneracy of ms = ±1 is lifted by ap-
plying an external magnetic field Bz along the NV axis,
which provides an e↵ective two-level system supported
by the ground stats sublev ls ms = 0 and ms =  1
with an energy gap  E = D   Bz, where the zero field
splitting is D = (2⇡)2.87GHz and   is the electron gy-
romagnetic ratio. We apply a magnetic field Bz = 510
G along the NV axis so that the nitrogen nuclear spin is
polarized. The value of  E is determined by pulsed opti-
cally detected magnetic resonance measurement (pulsed
ODMR), which also confirms the polarization of the ni-
trogen nuclear spin, see supplementary information. The
stability of the energy splitting is very critical to observe
Floquet Raman transition [18]. In our experiment setup,
we mount the diamond sample on a single-stage TEC
element under temperature control. The temperature
of the diamond sample is stabilized by a 12W tempera-
ture controller (Thorlabs TED200C) so that the temper-
ature fluctuation is reduced to ±0.1 K that corresponds
to a line broadening of ⇠ 15 kHz. After stabilizing the
temperature, the line broadening is then mainly limited
by the 13C nuclear spin bath in the diamond sample.
The Ramsey measurement suggests a line broadening of
20 ⇠ 40kHz for the NVs used in our experiment, which
corresponds to a coherence time of T ⇤2 = 4 ⇠ 8µs, see
supplementary information.
To implement Floquet quantum control and observe
Floquet Raman transition, we generate the driving field
written as V (t) =  x cos(!dt) + A cos(!dt) sin (!t) with
 x, A⌧ !d. Instead of using a microwave mixer, we di-
rectly synthesize the microwave driving field with a high
accuracy by using a Tektronics arbitrary waveform gen-
erator and is amplified b fore i is delivered to the NV
center via a copper wire, see Fig.1(a). Therefore, in the
interaction picture, we get an e↵ective Hamiltonian for
the two-level system as follows
H =
 z
2
 z +
 x
2
 x +A sin (!t) x, (1)
where  z =  E !d,  x, z are Pauli operators for
t e spin- 12 system,  x and  z r present the transversal
and longitudinal components of the energy splitting of
the two-level system. The energy gap between the eigen-
states of the above Hamiltonian is !0 = ( 
2
x +  
2
z)
1/2.
We are interested in the weak driving and large detuning
limit, namely A ⌧ |!0   !|. Conventionally, this would
not allow spin state transition due to the large energy
mismatch. In our experiment, we implement the peri-
odically driven Hamiltonian in Eq.(1) and exploit Flo-
quet dressed states to achieve Floquet control of spin
state. To precisely determine the relevant parameters,
we first set A = 0 and measure the e↵ective Rabi fre-
quency for di↵erent driving frequency detuning, see the
inset of Fig.1(c). The e↵ective Rabi frequency is given
by ⌦ =
 
 2x + 
2
z
 1/2
, the data fitting thus enables us to
accurately determine the values of  x and  E (therefore
 z), see Fig.1(c).
According to Floquet theory, the evolution dynamics
o the periodically driven two- evel system can be de-
scribed by Floquet quasi energy states (namely Floquet
modes) | j(t)i with the corresponding quasi energy Ej
as | (t)i = Pj cje iEjt | j(t)i. The Floquet states and
spectrum were observed in a strongly driven supercon-
ducting flux qubit [2]. The Fl quet dynamics of the
3
Figure 2. (Color online) Simulation of a two band Wannier-Stark ladder model and Floquet Raman transition of single NV
center spin in diamond. (a) A two band Wannier-Stark ladder model simulated by a periodically driven spin- 1
2
system. The
energy gap between the upper and lower band is !0 = ( 
2
x+ 
2
z)
1/2, and the ladder energy spacing is given by the driving field
frequency !. (b) Floquet Raman transition between the upper and lower band levels | , j   1i and |+, j + 1i that corresponds
to two spin eigenstates |±i. The Raman transition is mediated by two intermediate levels |+, ji and | , ji. (c) Ramsey
measurement suggests the line br ade ing of the NV center spin is 40 kHz. (d) Floquet Raman oscillation driven by the weak
microwave fi ld with a strength A = (2⇡)1 MHz for the frequency ! = !0. (e) Rabi fr quency of Floquet Raman oscillation as
a function of the driving strength A. (e) The contrast of Floquet Raman oscillation as a function of the driving frequ ncy.
driven two-level system can be mapped to a two-band
Wannier-Stark ladder model. The upper and lower bands
correspond to the spin states |±i that are the eigen-
states of H0 = ( z/2) z +( x/2) x [15], namely |+i =
cos( ✓2 |0i+sin( ✓2 ) | 1i and | i =   sin( ✓2 |0i+cos( ✓2 ) | 1i.
The energies of the upper and lower Floquet levels de-
noted as |±, ji are E±,j = ±!0  j!, where ± represents
the upper and lower band respectively, see Fig.2(a). As
|±i are not the eignenstates of  x, the e↵ect of the weak
driving A in the Hamiltonian Eq.(1) will couple the lev-
els |+, ji and | , ji with |↵, j ± 1i, where ↵ = ±, see
Fig.2(a). The coupling strength is ±( 1)↵ (A x/i2!0)
and ⌥(A z/i2!0) respectively, see Ref.[15] and supple-
mentary information. Therefore, it can seen that the
tunneling between the upper and lower band as medi-
tated by Floquet synthetic dimension can be exploited
to manipulate spin state in a coherent manner.
In our experiment, we exploit the three-level configura-
tions provided by Floquet synthetic dimension, allowing
the implementation of Raman transitions between the
upper and lower levels. For example, |+, j + 1i, |+, ji
and | , j   1i forms a ⇤ three level system, see Fig.2(b).
In order to enable e cient Raman transition between
|+, j + 1i and | , j   1i via the intermediate state |+, ji,
the energy resonant condition has to be satisfied, namely
E+,j+1 = E ,j 1 [18, 19]. This leads to the Floquet
resonance condition ! = ⌦, which is contrast to the con-
ventional Rabi resonance condition ! = 2⌦ for a driven
two-level system [18]. We remark that the exact reso-
nance conditions are slightly modified due to the high-
order energy shift, see supplementary. We first prepare
the NV center spin in the state | i, namely in the lower
band, by applying a microwave pulse on resonance with
the two-level system with the amplitude ⌦✓ for a time
duration ⌧✓ = ✓/⌦✓. The system is then governed by the
Floquet Hamiltonian as in Eq.(1) as generated by the
synthesized microwave driving field V (t). We measure
the state population of the spin level |0i as a function
of the evolution time. Under the resonant condition, the
state population P|0i can be written as follows
P|0i =
1
2
[1 + cos ✓ cos (⌦t)  sin ✓ sin (⌦t) sin!0t] (2)
In Fig.2(c), we observe the coherent oscillation of the
state population, which demonstrates Floquet Raman
transition between the upper and lower band levels. The
contrast is a↵ected by the line broadening of the system.
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Figure 2. (Color online) Floquet Raman transition of NV center spin in diamond. (a) A two band Wannier-Stark ladder model
is simulated by a periodically driven spin- 1
2
system. The energy gap between the upper and lower band is ω0, and the ladder
energy spacing is given by the frequency ω of the weak driving field. The arrows represent couplings between Floquet synthetic
levels. (b) Raman transition between the lower and upper band levels |−, n+ 1〉 and |+, n− 1〉 is mediated by Floquet synthetic
levels |+, n〉 and |−, n〉. (c) Coherent spin state transfer is realized by Floquet Raman transition. The red curve represents
inter-band transition filtering out the fast oscillating component. The strength and frequency of the weak microwave driving
field are A = (2pi)2.37 MHz and ω = (2pi)6.985 MHz. The other parameters are ∆z = (2pi)10.03 MHz, and ∆x = (2pi)9.67
MHz. (d) The dep ndenc of Floquet Raman tr nsition Rabi frequency ΩF on the dri ing strength A, as compared with the
numeric l simulation result (cyan curve). The parameters are ω = (2pi)7.09 MHz, ∆z = (2pi)9.92 MHz, an ∆x = (2pi)10.12
MHz. (e) The contrast of Floquet Raman transition as a function of the driving frequency ω. The p rameters are A = (2pi)1.37
MHz, ∆z = (2pi)9.63 MHz, and ∆x = (2pi) 0.32 MHz. The solid curve is a fit by a Lorentzian functi ∼ γ2/
[
γ2 + (ω − ω0)2
]
.
of Hs [38], namely |+〉 = cos( θ2 ) |0〉 + sin( θ2 ) |−1〉 and
|−〉 = − sin( θ2 ) |0〉+cos( θ2 ) |−1〉 with θ = tan−1 (∆x/∆z .
The energies of the upper and low r Floquet levels de-
noted as |±, n〉 are E±,n = ±(ω0/2)+nω, where ± repre-
sents the upper and lower band respectively, see Fig.2(a).
As |±〉 are not the eigenstates of σx, the effect of the weak
driving field as writ e in the Hamiltonian Eq.(1) will
couple the levels |α, 〉 with |β, n± 1〉, wh r α, β = ±,
see Fig.2(a). Th strength of suc off-reso ant coupling
is (A/2ω0) [δαβ∆x + (1− δαβ)∆z] [35, 38]. Ther fore, it
can be seen that the transition between the upper and
lower band as meditated by Floquet levels can be ex-
ploited to manipul te spin state in coherent manner.
In our experiment, we exploit the three-level configu-
rations provided by Floquet synthetic levels, allowing the
implementation of Raman transitions between the upper
and lower levels. For example, |+, n− 1〉, |−, n+ 1〉 and
|+, n〉 (|−, n〉) forms a Λ (V) three-level configuration, see
Fig.2(b). In order to enable efficient far-detuned Raman
transition between |+, n− 1〉 and |−, n+ 1〉 via the inter-
mediate states |±, n〉, the energy resonant condition has
to be satisfied, namely E+,n−1 = E−,n+1 [35, 38]. This
eads to the Floquet resonance co dition ω = (ω0/2),
which contrasts to the conventional Rabi resonance con-
dition ω = ω0 for a weakly driven two-level system [35].
The resonance conditions are slightly modified due to
higher-order dynamical Stark shifts [35]. We first pre-
pare the NV ce ter spin in the state |+〉, namely in the
upper band, by applying a microwave pulse on resonance
with the t o-level system with the amplitude Ω for a
time dur ti τθ = θ/(2Ω) to induce a rot tio of an-
gle θ around yˆ axis. The system is then governed by
the Floquet Hamiltonian as i Eq.(1) arising from the
microwave driving field V (t), s e ig.1(b). We measure
the state population of the spin level |0〉 as a function
of the evolution time. As shown in Fig.2(c), our experi-
mental data clearly demonstrates Floquet Raman transi-
tion between the upper and lower band. Under the reso-
nant condition, the state population P|0〉 can be written
as P|0〉 = 12 [1 + cos θ cos (ΩF t)− sin θ sin (ΩF t) sin (ω0t)]
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Figure 3. (Color online) Third-order Floquet Raman tran-
sition between the lower and upper band levels |−, n+ 3〉
and |+, n〉. (a) The Raman transition is mediated by mul-
tiple intermediate levels |±, n+ 1〉 and |±, n+ 2〉. (b) The
state |0〉 population as a function of time demonstrates co-
herent Raman Floquet transition of the spin state as real-
ized by a third-order Flquet resonance. The red curve rep-
resents inter-band transition filtering out the fast oscillating
component. The frequency of the weak microwave driving
field is ω = (2pi)4.657 MHz, and the other parameters are
A = (2pi)2.37 MHz, ∆z = (2pi)9.82 MHz, ∆x = (2pi)9.67
MHz.
[38], where ΩF is the Rabi frequency induced by Floquet
Raman transition. We remark that the additional fast
oscillation feature is mainly due to the interband energy
splitting ω0, and can be eliminated by an additional ap-
propriate microwave pulse [38]. We further characterize
the dependence of the Rabi frequency of the Floquet Ra-
man transition on the driving strength A, see Fig.2(d),
which agrees well with our numerical simulation and
the theoretical analysis taking into account the Bloch-
Siegert-like effect [35, 38, 40, 41]. In Fig.2(e), we show
the relative contrast of Floquet Raman transition which
clearly demonstrates Floquet resonant feature, namely
an optimal Raman transition efficiency appears when the
resonant condition is satisfied.
Raman transition between the other Floquet synthetic
levels are also feasible if the general m-th order Floquet
resonance condition ω = (ω0/m) is satisfied [35], where
Floquet Raman transition is mediated by multiple levels
[42, 43], see Fig.3(a). In our experiment, we tune the
frequency of the weak microwave driving field to match
the third-order Floquet resonance condition ω = (ω0/3).
The coherent oscillation of the spin state population as
shown in Fig.3(b) demonstrates the third-order Floquet
resonance enabled Raman transition. The observed Flo-
quet Raman transition allows to coherently manipulate
spin state using a driving field with limited frequency
that is a fraction of the one in conventional Rabi reso-
nance, and thus may facilitate coherent quantum control
e.g. of spin system under a high magnetic field.
We remark that the experiment parameters satisfy
the traditional adiabatic condition [38], which implies
that the system is expected to remain in the initial spin
eigenstate [30–32]. Instead, our experiment observation
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Figure 4. (Color online) Theoretical prediction of analog
photon-assisted Floquet Raman transition. (a) The state
probability P in the upper band as a function of time with
(a = 4.35ν) and without (a = 0) frequency modulation. The
system is initialized in the upper band. (b) The state prob-
ability P in the lower band at time T = 0.20 µs and 0.48 µs
as a function of the phase modulation parameter (a/ν). The
other parameters are ω = (2pi)7.271 MHz, A = (2pi)2.404
MHz, ν = (2pi)7.343 MHz, and ∆z = ∆x = (2pi)10 MHz.
demonstrates evident spin state transition (namely de-
viating from the adiabatic behavior). The phenomenon
represents more general anomalous non-adiabaticities in
weakly driven systems [34].
The observed Floquet-Raman transition allows ef-
fective tunnelling between the upper and lower band.
As inspired by photon-assisted tunnelling [44, 45] and
resonance enhanced quantum transport [46], one can
show that a phase-modulated driving field Vd(t) =
A cos [ωt+ (a/ν) sin(νt)] leads to delocalisation in a
tilted Wannier-Stark ladder [38]. Such a phenomenon
together with Floquet-Raman transition makes it feasi-
ble to observe non-trivial effects in a two-band Wannier-
Stark ladder as simulated by a weakly driven two-level
system. As a consequence, a weak phase-modulated
driving field may enhance the speed of Floquet-Raman
transition, see Fig.4(a). The system demonstrates both
enhanced tunnelling and dynamical localisation [44–47],
see Fig.4(b), which has connections with the properties
of Bessel function. The result makes a step towards
the exploration of interesting phenomena in a two-band
Wannier-Stark ladder model as simulated by a weakly
driven two-level system [38].
To summary, we simulate a two-band Wannier-Stark
ladder model using a solid state spin system under weak
periodic driving. We exploit the synthetic dimensions
in the Floquet framework and experimentally observe
second- and third-order Raman transition meditated by
Floquet synthetic levels. We show that analog photon-
assisted Floquet Raman transition may exist in such a
driven two-level quantum system. The present result en-
riches Floquet dynamics for Floquet Hamiltonian engi-
neering aiming for the development of new techniques
for coherent quantum control and the investigation of
novel Floquet quantum phases. In addition, the observed
5Floquet Raman transition provides additional and more
general scenarios which violate the widely adopted tradi-
tional adiabatic condition, and may provide insights into
adiabatic dynamical evolution of quantum systems.
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Supplementary Information
1. Derivation of the effective Hamiltonian
By applying a microwave driving field as follows
V (t) = ∆x cos(ωdt) + 2A cos(ωdt) sin (ωt) , (S.1)
the system Hamiltonian in the the lab frame can be written as follows
Ho =
∆E
2
σz + ∆x cos(ωdt)σx + 2A cos(ωdt) sin(ωt)σx, (S.2)
where ∆E is the energy of the two-level system. Here, the microwave field is designed to drive the transition between
the spin sublevels |0〉 and | − 1〉, while the other level | + 1〉 is far detuned. Therefore, we can concentrate on the
Hilbert subspace as spanned by {|0〉, | − 1〉}, and σx and σz are Pauli operators of such an effective two-level system.
In the interaction picture with respect to H0 = (ωd/2)σz, we get the following Hamiltonian as
HI =
∆z
2
σz +
∆x
2
σx +A sin (ωt)σx (S.3)
+
∆x
2
[cos (2ωdt)σx − sin (2ωdt)σy] +A [cos (2ωdt)σx − sin (2ωdt)σy] sin(ωt), (S.4)
where ∆z = ∆E − ωd. In our experiment, the condition ω,A,∆x  ωd is satisfied. Therefore, under rotating wave
approximation, the last two fast oscillating terms in Eq.(S.4) can be neglected, and we get the following effective
Hamiltonian as implemented in the experiment
H =
∆z
2
σz +
∆x
2
σx +A sin(ωt)σx, (S.5)
that allows us to observe Floquet Raman transition in the synthetic dimensions.
2. Determination of experiment parameters
In our experiments, we determine the NV center spin state from fluorescence data. The data shown in Figure 1
(c-d), Figure 2(c) and Figure 3(b) of the main text represents the normalized florescence data in units of ms = 0 state
probability P|0〉 , where P|0〉 = 1 and P|0〉 = 0 correspond to the maximum and the minimum fluorescence respectively
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Figure S1: (Color online) The measurement of pulsed ODMR experiment gives an estimation of the resonance frequency
1448.9MHz, which corresponds a magnetic field around 508Gauss in parallel with the NV axis. The microwave pulse length is
500 ns with a Rabi frequency Ω ' (2pi)1 MHz.
2[1, 2]. In order to determine the resonance frequency accurately, we first perform pulsed optically detected magnetic
resonance (pulsed ODMR) measurement. The pulsed ODMR experiment, as shown in Fig.S1, exhibits one single
resonant frequency with a finite linewidth, which confirms the polarization of the nitrogen nuclear spin associated
with the NV center. To determine the frequency detuning ∆z of the microwave driving field, we perform Ramsey
experiment and determine the value of ∆z from the oscillation frequency of Ramsey fringe, as shown in Fig.1(c) of
the main text. The value of ∆x is determined from the measurement of Rabi oscillation. Given a frequency detuning
of ∆z, the effective Rabi frequency is
ω0 = (∆
2
x + ∆
2
z)
1/2, (S.6)
from which we can infer the value of the parameter ∆x.
3. Mapping between a periodically driven system to a Wannier-Stark ladder model
The presence of Floquet resonance in the present model was proposed in Ref.[3]. In this section, we provide theo-
retical analysis to elaborate our experiment observation of Floquet Raman transition. The evolution of a periodically
driven system can be described in the framework of Floquet theory as
|Ψα(t)〉 = e−iαt|φα(t)〉, (S.7)
where the Floquet state |φα(t)〉 = φα(t+ T ) is periodic in time with quasienergy α. Considering a two-level system
as governed by the Hamiltonian in Eq.(S.5), the Floquet state can be expanded as
|φα(t)〉 =
∞∑
n=−∞
cα,n,0|0〉einωt +
∞∑
n=−∞
cα,n,−1|−1〉einωt (S.8)
its dynamical evolution is governed by equation{
H(t)− i ∂
∂t
}
|φα(t)〉 = α|φα(t)〉. (S.9)
Define |n, 0〉 = |0〉einωt and |n,−1〉 = |−1〉einωt, the matrix form of the Floquet Hamiltonian H(t) = H(t)− i ∂∂t can
be written as
H =
∑
n,σ=0,−1
(
nω+
∆z
2
σz
)
|n, σ〉〈n, σ|+ ∆x
2
∑
n
(|n, 0〉〈n,−1|+h.c.)+A
2
∑
n
(|n, 0〉〈n+1,−1|+|n, 0〉〈n−1,−1|+h.c.),
(S.10)
here we use a translation t→ t+ pi/(2ω) in Eq.(S.5) so that sin(ωt)→ cos(ωt). We remark that such a translation is
only for the simplicity of derivation and would not affect the physics. We denote Hs = (∆z/2)σz + (∆x/2)σx, which
has the following eigenstates
|+〉 = cos
(θ
2
)
|0〉+ sin
(θ
2
)
|−1〉, (S.11)
|−〉 = − sin
(θ
2
)
|0〉+ cos
(θ
2
)
|−1〉. (S.12)
The Floquet state can be rewritten in this new basis and the corresponding matrix form of Floquet Hamiltonian will
be rewritten as
H =
∑
n,σ=±
(
nω +
ω0
2
σz
)
|n, σ〉〈σ, n|+ A∆x
2ω0
∑
n
(|n,+〉〈n+ 1,+| − |n,−〉〈n+ 1,−|+ h.c.)
+
A∆z
2ω0
∑
n
(|n,+〉〈n+ 1,−|+ |n,−〉〈n+ 1,+|+ h.c.). (S.13)
where ω0 =
√
∆2x + ∆
2
z and the basis |n,±〉 = |±〉einωt. It is a two-leg Wannier-Stark ladder model with a tilted field
ω [4].
34. Theoretical analysis of Floquet-Raman transition
The energies of the Floquet synthetic levels |n,±〉 (as shown in Fig.2a of the main text) are E±,n = ±(ω0/2) + nω.
The second and third terms in Eq.(S.13) shows the coupling between the Floquet synthetic levels. If ∆z = 0, the
interleg tunneling can be ignored, the system can be considered as two independent one-leg Wannier-Stark ladders.
These two ladders can be diagonalized as follows
Hintra =
∑
m,σ=±
(ω0
2
σz +mω
)
|Ψm,σ〉〈Ψm,σ|, (S.14)
where
|Ψm,+〉 =
∑
n
Jm−n
(A∆x
ω0ω
)
|n,+〉 |n,+〉 =
∑
m
Jm−n
(A∆x
ω0ω
)
|Ψm,+〉
|Ψm,−〉 =
∑
n
Jn−m
(A∆x
ω0ω
)
|n,−〉 |n,−〉 =
∑
m
Jn−m
(A∆x
ω0ω
)
|Ψm,−〉.
(S.15)
With the new basis, the interleg Hamiltonian can be expanded as
Hinter =A∆z
2ω0
∑
n
(|n,+〉〈n+ 1,−|+ |n,−〉〈n+ 1,+|+ h.c.)
=
∆zω
2∆x
{ ∑
m,m′
[
(m−m′)Jm−m′
(2A∆x
ω0ω
)]
|Ψm,+〉〈Ψm′,−|+ h.c.
}
,
(S.16)
From the effective interaction Hamiltonian (S.16), if A ω and any other energy scales, the amplitude of tunneling
term is very small. So the tunneling is forbidden except for the case m,+ = m′,−. Consider the dynamical process,
if the initial state is prepared on the state |0,+〉, it can be expanded in new basis as
|0,+〉 =
∑
m
Jm
(A∆x
ω0ω
)
|Ψm,+〉, (S.17)
when A ω, one can use the approximation |0,+〉 ≈ |Ψ0,+〉.
In the following, we consider two cases of Floquet resonance.
(1). 2nd-order Floquet resonance: ω = ω0/2. In this case, the resonance condition is m,+ = m+2,−. The effective
Hamiltonian is
H[2]eff = −
∆zω
∆x
J2
(2A∆x
ω0ω
)(|Ψ0,+〉〈Ψ2,−|+ h.c.) ≈ −A2∆z∆x
2ω20ω
(|Ψ0,+〉〈Ψ2,−|+ h.c.) (S.18)
In our experiment, we choose ∆x ' ∆z to optimise the transfer efficiency, as seen from the above equation. There are
other off-resonant transitions, e.g. one can extend the Hilbert space including three basis |Ψ0,+〉, |Ψ1,−〉 and |Ψ2,−〉
as
H[2]eff =−
∆zω
∆x
J2
(2A∆x
ω0ω
)(|Ψ0,+〉〈Ψ2,−|+ h.c.)+ ∆zω
2∆x
J1
(2A∆x
ω0ω
)(|Ψ0,+〉〈Ψ1,−|+ h.c.)− ω|Ψ1,−〉〈Ψ1,−|
≈ − A
2∆z∆x
2ω20ω
(|Ψ0,+〉〈Ψ2,−|+ h.c.)+ A∆z
2ω0
(|Ψ0,+〉〈Ψ1,−|+ h.c.)− ω|Ψ1,−〉〈Ψ1,−|. (S.19)
The second term of this effective Hamiltonian describes off-resonant transition which may lead to fast oscillation.
This effect will be suppressed when the energy detuning between two states |Ψ0,+〉, |Ψ1,−〉 satisfies the condition
ω  (A∆z/2ω0).
(2). 3rd-order Floquet resonance: ω = ω0/3. In this case, the resonance condition is m,+ = m+3,−. The effective
Hamiltonian is
H[3]eff =
3∆zω
2∆x
J3
(2A∆x
ω0ω
)(|Ψ0,+〉〈Ψ3,−|+ h.c.) ≈ A3∆z∆2x
4ω30ω
2
(|Ψ0,+〉〈Ψ3,−|+ h.c.) (S.20)
4It can be seen that the transfer efficiency is optimized when ∆z ' ∆x/
√
2. In our experiment, the system is initialized
into the |+〉 state, and the state evolution is described as follows
|ψ(t)〉 = exp (−iσxΩF t/2) |+〉 = cos
(
ΩF
2
t
)
|+〉 − i sin
(
ΩF
2
t
)
|−〉, (S.21)
where
2nd-order Floquet resonance: ΩF =
(A2∆z∆x
ω20ω
)
=
(2A2∆z∆x
ω30
)
(S.22)
3rd-order Floquet resonance: ΩF =
(A3∆z∆2x
2ω30ω
2
)
=
(9A3∆z∆2x
2ω50
)
(S.23)
represents the Rabi frequency of Floquet Raman transitions as see from Eq.(S.18-S.20), and |+〉 = cos( θ2 )|0〉 +
sin( θ2 )|−1〉, |−〉 = − sin( θ2 )|0〉+cos( θ2 )|−1〉, where θ = tan−1(∆x/∆z). Therefore, it can be seen that a complete state
transfer between the spin states |+〉 and |−〉 can be achieved by applying an additional rotation around yˆ axis, one
can implement coherent transition between the states |ms = 0〉 and |ms = −1〉. In the lab frame, the state evolution
is
|ψs(t)〉 = cos
(
ΩF
2
t
)
exp
(
−iω0
2
t
)
|+〉 − i sin
(
ΩF
2
t
)
exp
(
i
ω0
2
t
)
|−〉 . (S.24)
After the evolution for time T , we directly measure the population of the state |ms = 0〉 via spin-dependent fluores-
cence, which can be written as follows
P|0〉 = |〈0|ψs (T )〉|2 (S.25)
=
1
2
[1 + cos (θ) cos (ΩFT )− sin (θ) sin (ΩFT ) sin (ω0T )] . (S.26)
The second term ∼ sin(ω0T ) in Eq.(S.26) represent a fast oscillating feature, which agrees well with our experiment
observation.
We remark that the non-RWA (rotating wave approximation) effect may lead to certain deviation between the
observed and the calculated RWA Floquet Raman transition frequency. When taking into account the corrections
from the Bloch-Siegert-like effect [5], the observed oscillation frequencies of the Floquet Raman transition agree well
with the theoretical predictions, which is also confirmed by our numerical simulation.
5. Floquet Raman transition with different driving amplitudes
In our experiment, we tune the amplitude A of the weak driving microwave field, and investigate the dependence
of Rabi frequency of Floquet Raman transition on the driving amplitude. In Fig.S2(a-b), we show the coherent spin
state transfer via Floquet Raman transition that is driven by a microwave field with different amplitude A. We
perform numerical simulation for the evolution governed by the system Hamiltonian H as in Eq.(S.5). The initial
state is |ψ(0)〉 = |0〉, and thus at time t the system evolves to the following state as |ψ(t)〉 = exp (−itH) |ψ(0)〉.
The population of the state |0〉 is obtained as P (t)|0〉 = | 〈0|ψ(t)〉|2. Using the parameters that we determine in
the experiments, the results of our numerical simulation, as shown in Fig.S2(c-d), are in good agreement with the
experimental observation.
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Figure S2: (Color online) Coherent spin state transfer via Floquet Raman transition that is driven by a microwave field with
a frequency of ω, and an amplitude of A = (2pi)2.22 MHz (a), (2pi)1.79 MHz (b), as compared with the numerical simulation
(a) vs. (c) and (b) vs. (d). The effective Rabi frequency of Floquet Raman transition is estimated to be 0.377 MHz (a) vs.
0.386 MHz (c) and 0.231 MHz (b) vs. 0.240 MHz (d). The frequency of the driving microwave field is ω = (2pi)7.09 MHz, the
other parameters are ∆z = (2pi)9.92 MHz, and ∆x = (2pi)10.12 MHz.
6. Photon-assisted Raman transition in a simple Λ system
Periodic modulation of the trapping potential can lead to an analog of photon-assisted tunneling [6, 7], which e.g.
can be implemented in sinusoidally shaken optical lattice or by applying AC electric field in solid-state systems. Here,
we provide analysis and show that similar phenomena can be observed in a two-leg Wannier-Stark ladder model as
simulated by a weakly driven qubit system.
To illustrate the essential idea, we first analyse the similar analog of photon-assisted phenomena in far-detuned
Raman transition in a simple Λ system with the following Hamiltonian as
H = ω |e〉 〈e|+ µ (|e〉 〈g1|+ |e〉 〈g2|+ h.c.) . (S.27)
The transition from the state |g1〉 to |g2〉 represents a far-detuned Raman transition with an effective transition rate
Ωe = µ
2/2ω, which is small as ω  µ. The periodic modulation of the energy levels as follows
V (t) = a cos(νt) (|g1〉 〈g1| − |g2〉 〈g2|) , (S.28)
where a and ν represents the amplitude and frequency of the modulation respectively. Define the time-dependent
operator
K(t) = ωt|e〉〈e|+ a
ν
sin(νt)
(|g1〉〈g1| − |g2〉〈g2|). (S.29)
6The Hamiltonian can be rotated with the unitary operator eiK(t) as
Hrot(t) =e
iK(t)H(t)e−iK(t) + i
∂eiK(t)
∂t
e−iK(t)
=µ exp
{
iωt+ i
(a
ν
)
sin(νt)
}
|g1〉〈e|+ µ exp
{
iωt− i
(a
ν
)
sin(νt)
}
|g2〉〈e|+ h.c.
=µ
∑
n
(−1)nJn
(a
ν
)
ei(ω−nν)t|g1〉〈e|+ µ
∑
n
Jn
(a
ν
)
ei(ω−nν)t|g1〉〈e|+ h.c.
(S.30)
where Jn(x) is the n-th order Bessel function. When the resonance condition ω = kν is satisfied, with the rotating
wave approximation, we only consider the time-independent terms in this Hamiltonian as
Heff = (−1)kJ |g1〉〈e|+ J |g2〉〈e|+ h.c. (S.31)
where J = µJk
(
a
ν
)
. We remark that depending on the value
(
a
ν
)
one obtains an enhancement in the state transfer
efficiency, namely J = µJk
(
a
ν
)
> Ωe = µ
2/2ω as long as Jk
(
a
ν
)
> µ/ω, or when Jk
(
a
ν
)
= 0 one finds suppressed
transport, i.e. dynamical localisation [8, 9]. If k is even (odd), the amplitude of two tunneling term have the same
(opposite) value. Assume the initial state is |g1〉, the final state at time t can be easily calculated as
|ψf (t)〉 = 1 + cos(
√
2Jt)
2
|g1〉 ∓ 1− cos(
√
2Jt)
2
|g2〉 − i sin(
√
2Jt)√
2
|e〉. (S.32)
The transition probability from the state |g1〉 to |g2〉 is given by
P (t) = sin4
( Jt√
2
)
= sin4
[
1√
2
µJk
(a
ν
)
t
]
. (S.33)
At time t = pi/(
√
2J), one can get a complete state transfer from |g1〉 to |g2〉. The value of k is even or odd does
not influence the result. The above analytical results is verified by the exact numerical simulation of the dynamical
evolution as governed by the system Hamiltonian in Eq.(S.27-S.28), see Fig.S3. The deviation when a is small
arises from the rotating wave approximation used to get the effective Hamiltonian in Eq.(S.31). The result clearly
demonstrates that the photon-assisted Raman transition exhibits significantly enhanced state transfer efficiency.
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Figure S3: (Color online) The transition probability from the state |g1〉 to |g2〉 as a function of the amplitude of frequency
modulation in a single- (a) and two- photon (b) assisted Raman processes after an evolution time of T . The analytical prediction
(◦ and ) in Eq.(S.33) shows good agreement with the numeric simulation. The zeros of the transition probability in both plots
correspond to dynamical localisation. The parameters are ω = (2pi)10MHz, µ = (2pi)1MHz.
7. Delocalisation in Floquet synthetic levels of a weakly driven qubit system
As inspired by the phenomenon of photon-assisted Raman transition in a simple Λ system (see the above section),
we consider the possible similar effect in a two-leg Wannier-Stark ladder model as simulated by a weakly driven qubit
7system, where the driving field is periodically phase modulated as described by the following Hamiltonian
H(t) =
∆z
2
σz +
∆x
2
σx +A cos
{
ωt+
a
ν
sin(νt)
}
σx (S.34)
If a = 0, the system is same with the model we discussed in main text and it can be considered as a two-leg Wannier
Stark ladder. In the main text, we demonstrate that a weak driving can induce effective transitions between the
upper and lower ladders. In this section, we show that the analog photon-assisted Raman transition can also appear
in Floquet synthetic dimensions when a 6= 0, which (together the observed Floquet-Ramman transition) fascinates
non-trivial effects of the synthetic two-band Wannier stark ladder model.
When a 6= 0, in order to better illustrate our idea, for simplicity we first consider the case ∆z = 0 with the following
Hamiltonian as
H ′(t) =
∆x
2
σx +A cos
{
ωt+
a
ν
sin(νt)
}
σx =
∆x
2
σx+A
∑
`
J`
(a
ν
)
cos {(ω + `ν)t}σx (S.35)
where the eigenbasis of σx is |+〉 = (|0〉+ | − 1〉) /
√
2 and |−〉 = (|0〉 − | − 1〉) /√2. One can find that the last time-
dependent term only including the plane-waves with the frequency of sum of integer multiple of ν and ω. If ν/ω is
an irrational number, the above Hamiltonian H′(t) can be expanded as a two-dimensional tilde lattice with the basis
|m,n,+〉 = |+〉ei(mω+nν)t, the part related to |+〉 is
H′+ =
∑
m,n
(∆x
2
+mω + nν
)
|m,n,+〉〈m,n,+|+
∑
m,n
∑
`
A
2
J`
(a
ν
)(|m,n,+〉〈m+ 1, n+ `,+|+ h.c.). (S.36)
When two frequencies satisfy the condition kν ≈ ω, the level |m,n,+〉 almost has the same energy with the level
|m+ 1, n− k,+〉. As an example, we consider the simplest case of ν ≈ ω. The levels |m,n,+〉 with m+n = C almost
has the same energy if C is a constant. The levels with different C have energy detuning which is much larger than
their coupling, then the above two-dimensional tilted lattice can be simplified to a series of one-dimensional lattice as
H′1D,+ =
∑
n
(∆x
2
+ nδ
)
|n˜,+〉〈n˜,+|+
∑
n
A
2
J1
(a
ν
)(|n˜,+〉〈n˜+ 1,+|+ h.c.) (S.37)
where |n˜,+〉 = |n,−n,+〉 and δ = ω−ν which is very small, here we only write the lattice with C = 0. One can choose
the value of a to make sure the Bessel function J1
(
a
ν
)
has a maximum value. It can be seen that the eigenstates of
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Figure S4: (Color online) The state probability in the upper band (corresponding to |+〉) as a function of time with a phase
modulated driving field (Eq.S.34). The parameters are ω = (2pi)7.076 MHz, A = (2pi)0.5 MHz, ∆z = ∆x = (2pi)10 MHz,
ν = (2pi)6.942 MHz, and (a/ν) = 4.8.
8this lattice can also be delocalized because of the relation δ  A. The |−〉 component can also be expanded in the
similar way as
H′1D,− =
∑
n
(
− ∆x
2
+ nδ
)
|n˜,−〉〈n˜,−|−
∑
n
A
2
J1
(a
ν
)(|n˜,−〉〈n˜+ 1,−|+ h.c.). (S.38)
Similar results can be obtained for the general ∆z 6= 0. As an example, we consider the system is initially in the
state |+〉, and calculate the dynamical evolution as governed by the driven Hamiltonian Ho in Eq.(S.34). In Fig.S4,
it can be seen that the evolution of the state probability in the upper band (corresponding to |+〉) shows complex
and rich behavior under a weak driving (rather than simple oscillation). The result hints possible non-trivial effects
in a two-leg Wannier-Stark ladder model as simulated by a weakly driven two-level system.
As a short summary, we can conclude that the observed Floquet-Raman transition allows effective inter-band
tunnelling between the upper and lower band, and the analog photon assisted tunnelling as discussed above allows
delocalisation within individual band. Therefore, the results demonstrate that it is feasible to observe non-trivial
effects in a two-leg Wannier-Stark ladder model as simulated by a weakly driven two-level system.
8. Violation of the traditional adiabatic condition
The adiabatic theorem states that if the Hamiltonian of a system changes slow enough, it will remains in its
instantaneous eigenstate [10]. The traditional adiabatic condition is given by [11]
∀m 6= n
∣∣∣∣ 〈m(t)|n˙(t)〉Em(t)− En(t)
∣∣∣∣ =
∣∣∣∣∣ 〈m(t)|H˙(t)|n(t)〉(Em(t)− En(t))2
∣∣∣∣∣ 1, (S.39)
with |m(t)〉 and |n(t)〉 are the instantaneous eigenstates of the time-dependent Hamiltonian H(t), Em(t) and En(t) are
the corresponding eigenenergies. For the present Hamiltonian as in Eq.(S.5), the instantaneous eigenstates are |e(t)〉 =
cos(ϕ/2) |0〉 + sin(ϕ/2) |−1〉, and |g(t)〉 = − sin(ϕ/2) |0〉 + cos(ϕ/2) |−1〉, where ϕ = tan−1 [(∆x + 2A sin(ωt))/∆z].
The corresponding eigenenergies are ±Ω0 with Ω0 = (1/2)
[
∆2z + (∆x + 2A sin(ωt))
2
]1/2
. The traditional adiabatic
condition Eq.(S.39) can be written as
QAC1 : C1 =
∣∣∣∣∣ 〈e(t)|H˙(t)|g(t)〉(Ee(t)− Eg(t))2
∣∣∣∣∣ =
(
ωA∆z
8Ω30
)
| cos(ωt)|  1, (S.40)
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Figure S5: (Color online) The adiabatic conditions (a) C1(C3) and (b) C2 as a function of the evolution time in Floquet
Raman transition. We note that C1=C3 in the present scenario.The amplitude of the microwave driving field is A = (2pi)0.92
MHz (blue, ◦), (2pi)1.35 MHz (brown, ), and the frequency of the driving microwave field is ω = (2pi)7.09 MHz, the other
parameters are ∆z = (2pi)9.92 MHz, and ∆x = (2pi)10.12 MHz.
9which is neither sufficient nor necessary [12]. Ref. [13, 14] proposed a strong sufficient (but not necessary) condition
to guarantee the reliability of adiabatic theorem as follows
QAC2 : C2 =
∫ T
0
∣∣∣∣∣
( 〈m(t)|n˙(t)〉
Em(t)− En(t)
)′∣∣∣∣∣ dt 1, (S.41)
where T is the total evolution time. Another modification of the traditional adiabatic condition is given as follows[15]
QAC3 : C3 =
∣∣∣∣ 〈m(t)|n˙(t)〉Em(t)− En(t) + ∆nm(t)
∣∣∣∣ 1, (S.42)
and ∆nm is defined as
∆nm(t) = i〈n(t)|n˙(t)〉 − i〈m(t)|m˙(t)〉+ i d
dt
arg〈m(t)|n˙(t)〉. (S.43)
For the present Hamiltonian Eq.(S.5) in our experiment, 〈g(t)|g˙(t)〉 = 〈e(t)|e˙(t)〉 = 0 and
〈e(t)|g˙(t)〉 = − ϕ˙
2
= −A∆zω cos(ωt)
4Ω20
(S.44)
is always a real number, thus ∆nm = 0, and the condition is equivalent to the traditional adiabatic condition, namely
C1 = C3. It has been experimentally verified in [16] that QAC1 is neither sufficient nor necessary, and QAC2 is a
strong sufficient condition, while QAC2 is applicable to the system therein. We plot C1(C3) and C2 in Fig.S5 for the
observed Floquet Raman transition processes. It can be seen that our experiment also demonstrates that QAC1 is not
sufficient, while QAC2 is a strong sufficient condition, which agree with the observation in [16]. Moreover, the result
instead shows that QAC3 is not sufficient, see Fig.S5(a). The present experiment of Floquet Raman transition thus
offers a new and more general scenario to gain insights into different formalisms of adiabatic condition [12–15, 17, 18].
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